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Abstract 


The Vickers hardness and second phase precipitation of three ternary intermetallic Ni-T1-Hf 
compounds containing either 1, 3 or 5 at.% Hf were compared to 60-Nitinol (55 at.% Ni-— 45 at.% Ti). 
Heat treatment either at 700 °C or with a subsequent aging step, hardened the 3 and 5 at.% Hf-containing 
ternaries to approximately 620 HV (56 HRC). Heat treatment increased the hardness of the | at.% Hf 
compound by more than 25 percent. Average hardness of the 3 and 5 at.% Hf ternaries, though higher 
than that of the binary Ni-Ti or the Ni-Ti-Hf compound containing 1 at.% Hf, appeared to be fairly 
insensitive to the different heat treatments. There was a drastic reduction of fatigue-enhancing second 
phase precipitates for the 5 at.% Hf ternaries compared to the other compounds. These results should 
guide materials selection for development of aerospace componentry. 


Introduction 


The alloy 60-Nitinol (60 wt.% Ni — 40 wt.% Ti or 55 at.% Ni-—45 at.% Ti) is a superelastic material 
that has been under development by NASA for aerospace ball bearing applications (Refs. | to 3). The 
material can be hardened for use in this application with a relatively simple heat treatment: 900 °C for 
2 hr followed by water quenching. This heat treatment renders the material with Vickers hardness of 
approximately 620 HV (equivalent to Rockwell C hardness of 56 HRC), which is acceptable for bearing 
applications. Heat treatment at higher temperatures (e.g., 1,000 °C for 2 hr followed by water quenching) 
yields a higher hardness (720 HV or 61 HRC), but heat treatment at these temperatures has been found to 
result in frequent quench cracking (Ref. 4). Therefore, an effort has been underway to address the issue of 
quench cracking in 60-Nitinol. One approach to this problem has been to introduce ternary elements to 
the Ni-Ti compound that make solution treatment at lower temperatures more thermodynamically 
favorable (Ref. 5). This paper reports results for one such ternary compound, namely Ni-T1-Hf. 

Thermally-induced stress Oinerm generated from cooling a material from T2 to T; is linearly 
proportional to the elastic modulus E, the thermal expansion coefficient a, and the difference in 
temperatures according to Equation (1). 


Otherm = Ea(T2-T 1) ( ] ) 


Quenching from 900 °C to room temperature would generate thermally-induced stresses of 8.9 MPa, 
based on physical properties reported elsewhere (Refs. 3 and 6). Depending on part geometry, these 
stresses could be compressive, tensile or shear in order to maintain static equilibrium. It is when residual 
stresses reach the failure strength of the material that quench cracking is possible. Previous studies 
estimate the tensile strength of 60-Nitinol at approximately 1,00 MPa (Refs. 3 and 7). Although this 
failure strength 1s more than one hundred times the thermally-induced strength, given the inherent 
brittleness of this material and the ability of flaws to initiate brittle fracture, the probability of quench 
cracking increases linearly with increasing heat treatment temperature, following Equation (1). There is a 
need, therefore, to reduce the heat treatment temperature necessary to harden this material for bearing 
applications. 
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This material hardens by the precipitation of a fine metastable NigT13 phase. The rapid quench is 
designed to prevent the subsequent formation of incoherent Niz3Tiz or Ni3T1i phases (Refs. 8 and 9). These 
phases not only soften the material by reducing the Ni available to form Ni4T13, but they create variations 
in the bulk modulus of the material, which could enhance crack formation during cyclic loading (Refs. 5, 
10 to 12). 

The purpose of this study was to characterize the hardness and microstructure of three Ni-Ti-Hf 
compounds after heat treatment at 700 °C, which is 200 °C lower than the heat treatment temperature 
currently used to heat treat 60-Nitinol (Ref. 13). Additionally, the effect of aging these compounds at 
400 °C for 30 min (water quench) after the 700 °C heat treatment was studied. The results of this study 
should help guide process development for Ni-Ti-Hf components. 


Procedures 


Elemental Ni, Ti and Hf were purchased from commercial sources. The purity of each material was 
certified by the supplier with the chemical compositions listed in Table 1. These materials were used to 
fabricate small (50 g) ingots (55 at.% Ni with either 1, 3 or 5 at.% Hf, balance T1) by vacuum arc 
remelting (Ref. 14). The compositions of the studied compounds and their designations for the present 
study are listed in Table 2. The ingots were homogenized for 48 hr at 1050 °C under vacuum 
(approximately 10~ torr) followed by furnace cooling and then sectioned by wire electrical discharge 
machining into 5 mm cubic specimens. The chemical compositions of the studied compounds were 
analyzed by inductively-coupled plasma atomic emission spectroscopy (ICP-AES) (Ref. 15). 

Two cubic specimens of each compound were heat treated for 2 hr at 700 °C in vacuum, followed by 
water quenching. One specimen of each compound was subsequently aged at 400 °C for 30 min and then 
water quenched. The specimens were prepared for metallographic examination, including optical and 
scanning electron microscopy. Vickers microindentation hardness was measured for the specimens after 
each heat treatment condition based on a standard procedure using a linear indentation spacing of 500 um 
(Ref. 16). The average of 5 hardness measurements at each heat treatment condition was reported for each 
compound. No attempt was made to avoid grain boundaries during hardness testing. The percentage of 
secondary phases were measured using commercially-available software. This analysis took advantage of 
the difference in grey level from the parent phase (medium grey) to the precipitate phases (white), as 
described in detail elsewhere (Ref. 5). The composition of the phases in the microstructures were 
analyzed using scanning electron microscopy (SEM) and energy-dispersive x-ray spectroscopy (EDS) 
(Ref. 17). 


Results 


Hardness 


The average microindentation hardness values for the studied compounds are shown in Figure |. The 
hardness of Alloy 55 (55 at.% Ni— 45 at.% T1), which is better known as 60-Nitinol (60 wt.% Ni — 40 
wt.% T1), 1s included in the figure for comparison. The average hardness of the Hf-containing compounds 
is higher than that of Alloy 55 after homogenization or in either of the two heat treatment conditions. 
Also, the average hardness of the studied compounds tends to increase with increasing Hf content. The 
aging step appears to increase the average hardness for alloy 55-1H from 539 HV (after heat treatment at 
700 °C) to 572 HV (after aging). Furthermore, the average hardness of alloy 55-1H after homogenization 
is approximately 454 HV, resulting in an increase in hardness of more than 25 percent after heat treating 
and aging. 

For the 3 and 5 at.% Hf compounds, the average hardness varies from approximately 595 to 620 HV 
(about 55-56 HRC) after the 700 °C heat treatment and 1s nearly 620 HV after subsequent aging at 
400 °C. This hardness is equivalent to that of 60 Nitinol after heat treatment at 900 °C for 2 hr followed 
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by water quenching (1.e., 56 HRC), the same heat treatment currently used to harden this alloy for 
component development studies at NASA (Ref. 13). Nevertheless, given the stated ranges of statistical 
variation, the average hardness of alloys 55-3H and 55-5H are effectively the same after either of the 
studied heat treatments and changes very little from the hardness of the compounds after homogenization. 
The effect aging may have on relieving residual stresses, while beyond the scope of this study, could be 
beneficial and will be a subject for future investigations. 


Microstructure 


The average percent volume of second phase is shown in Figure 2. Second phase volume varies 
between 26 and 38 percent for the compounds containing 0 to 3 at.% Hf, at either of the studied heat 
treatments. For the compound containing 5 at.% Hf, however, the average second phase volume drops to 
between approximately 2 and 6 percent for the two studied heat treatments. This reduction in second 
phase precipitates should improve fatigue behavior, as discussed previously. In fact, given the hardness of 
alloy 55-5H after homogenization and the low second phase volume, this compound should be considered 
for component development in the homogenized condition, where residual stresses would be very low. 
Although machinability could be more difficult due to the high hardness, near net-shape methods like 
powder injection molding could make the use of this compound highly feasible. 

Optical micrographs of the studied compounds after homogenization and after the studied heat 
treatments are shown in Figures 3 to 5. These micrographs corroborate the quantitative data mentioned 
above, showing that alloys 55, 55-1H and 55-3H had much more observable second phase precipitation 
within the grains and along the grain boundaries than alloy 55-5H. The second phase precipitates also 
appear to become finer as the Hf content increased. The color of the second phase from alloys 55, 55-1H 
and 55-3H (which appear mostly white with a few small black precipitates) to alloy 55-5H (which appear 
only as small black precipitates) suggest a difference in the composition of the second phase. An analysis 
of the composition of the observed secondary phases is discussed below. 

SEM micrographs of alloy 55 are shown in Figure 6. EDS analyses of the phases, shown in Figure 7 
and quantified in Table 3, indicates that the blocky phase at the locations labeled A and B (Fig. 6(b)) 1s 
Ni3Tix. The elongated phase at locations C and D (Figs. 6(b) and (c)) is identified as Ni3Ti and the parent 
phase is identified as NiTi. The morphologies of these phases are similar to those reported previously by 
others (Refs. 8 and 9). 

Figure 8 shows SEM micrographs of alloy 55-1H. For this alloy, EDS analyses (Fig. 9 and Table 4) 
reveals the presence of mostly Ni3Ti2 precipitates in a Ni(Ti,Hf) parent phase with a few sparse oxide and 
nitride phases. SEM micrographs of another area of alloy 55-1H are shown in Figure 10 with EDS 
analysis results given in Figure 11 and Table 4. 

Analysis of alloy 55-5H, shown in Figure 12, indicates the presence of low levels of hafnium carbide 
and oxide phases within the Ni(T1,Hf) parent phase (Fig. 13 and Table 5). These secondary phases are 
minor and probably result from the trace amounts of oxygen and carbon present in the precursor 
elemental materials (Table 1) but they are not expected to have a significant effect on the physical 
properties of this compound. 


Summary 


The hardness and second phase precipitation of intermetallic Ni-T1-Hf alloys after heat treatment at 
700 °C and after subsequent aging at 400 °C were studied. Based on this study, the following conclusions 
have been made: 


1. Heat treatment at 700 °C can be used to harden the studied 3 and 5 at.% hafnium-containing 


compounds (alloys 55-3H and 55-5H) to approximately 620 HV (56 HRC), which is a hardness 
acceptable for bearing applications. 
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2. The hardness of alloys 55-3H and 55-5H 1s essentially the same after either the 700 °C heat treatment 

or the 700 °C heat treatment followed by aging at 400 °C. 

The effect of heat treatment is much greater for alloy 55-1H than for alloys 55, 55-3H or 55-5H. 

4. Compounds containing from 0 to 3 at.% Hf had between 26 and 38 percent second phase compared to 
alloy 55-5H, which showed only small levels of oxide or carbide inclusions within the Ni(Ti,Hf) 
parent phase. 


eS) 
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TABLE 1.—COMPOSITION OF ELEMENTAL METALS USED AS PRECURSOR 
MATERIALS IN THIS STUDY. ONLY THE IMPURITIES 
GREATER THAN | ppm ARE INCLUDED 


Element Purity, Major impurities 
percent ppm 


C (10), Fe (12), O (5), S (2) 


| 
C (11), Fe (5), H (1), N(<10), O (216), Rb (<5), S 
(<5), Sr (<3000), Ta (<5), Y (<200) 
f 


H 99.7 Al (<25), B (<0.5), C (<20), Cd (<3), Cr (<30), Co 
(<5), Cu (<20), Fe (<50), H (<3), Mg (<10), N (<5), 
Nb (<50), Ni (<25), O (<53), P (<3), Pb (<5), S 
(<10), Si (<25), Sn (<10), Th (<4), Ti (<20), U (<2), 
V (<10), W (<20), Zr (14000) 
TABLE 2.—COMPOSITION OF THE COMPOUNDS STUDIED IN THIS INVESTIGATION 


Designation Measured composition, Impurities, 
wt.% [at.%o| ppm 
i 
; [ 
; [ 


Alloy 55 59.1 [54.2 40.7 [45.8 0 [0] Al (10), Co (20), Cu 
(100), Fe (10), Mo (30), 
W (1300), C (80), N 
(<10), O (220) 
[ 


Alloy 55-3H_ | 56.0 [55.4 34.1 [41.4 9.61 Hf [3.13 Zr (1300), Cu (50), Fe 
(15), Mn (6), Mo (20), 
Si (80), C (60), N (2), O 
(180) 


[54.2] [45.8] 
Alloy 55-IH_ | 56.9 [53.3] 39.8 [45.7] 3.16 Hf[0.97] | Al(10), Cu (20), Fe 
(10), Mo (20), W (50), 
Zr (400), C (70), N (30), 
O (280) 
[55.4] [41.4] ] 
Alloy 55-5H | 53.5 [55.0] 31.6 [39.9] 14.6 [4.95 Al (10), Co (20), Cu 
(90), Fe (10), Mo (20), 
W (100), C (60), N 
(<10), O (150) 
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TABLE 3.—EDS ANALYSIS OF PHASES IN THE ALLOY 55 
(SHOWN IN FIGS. 6 AND 7) 


Analysis location Ni, Ti, Ni:Ti ratio | Likely compound 
at.% at.% 


61.315 | 38.685 | 16015 
8003 39.57 


71.218 | 28.782 
pi 2.338 [27762 
52.012_| 47.988 


TABLE 4.—EDS ANALYSIS OF PHASES IN ALLOY 55-1H (FIGS. 8 AND 9) 


location at.% at.% at.% at.% at.% at.% compound 
A | 61012 | 36.702 | 2396 | 0 | 0 | 0 | tosis | Nol 
[Bi s3.8d4 | 44.106 2050) 0 | 0 | 0 | 1201 | NH) 
pC | 4260 | 2.575 | 44.389 | 10.930 | 37.846 |---| N/A | HO 
| oD | 6.403 | 6.28 | 450 | 8 | NVA TIN 
Te | 61eds [36.655] 2150 =~) 0 ~+| 0 | 0+ iets | Nita 
CF | ome fara asst | dSSiSSCiSdC es | NT 


TABLE 5.—EDS ANALYSIS OF PHASES IN ALLOY 55-5H (FIGS. 12 AND 13) 


Analysis Ni, Ti, Hf, C, O, N, Ni:Ti Likely 
location at.% at.% at.% at.% at.% at.% ratio compound 


pA 5.457 | 4287 | 5.502, | | 388.754 | | NAO 


[fB.  45380. | 26591 i 750. | 0670 NA | 
pc 50.402 | 42.119, | 7.479 | | NT) 
| 49.721 | 40931 | 9348 | Oo [| Oo | oOo | 12 | NiiHD | 
“Probably includes interference from the Ni(T1,Hf) parent phase due to the sample volume created by the moderately high 
excitation voltage. 
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Figure 1.—Microindentation hardness of Ni-Ti and Ni-Ti-Hf compounds. 
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Figure 2.—Volume percent of secondary phases in Ni-Ti and Ni-Ti-Hf compounds. 
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©) ee | 20 um 
Figure 3.—Optical micrographs of (a) alloy 55 (55 at.% Ni-— 45 at.% Ti), (b) alloy 55-1H (55 at.% Ni — 44 at.% 
Ti-1 at.% Hf, (c) alloy 55-3H (55 at.% Ni — 42 at.% Ti -—3 at.% Hf and (d) alloy 55-5H (55 at.% Ni — 40 at.% 


Ti-— 5 at.% Hf) after homogenization at 1,050 °C for 48 hr followed by furnace cooling. The specimens are 
swab-etched using an aqueous solution of 10 vol.% HNQO3 + 1 vol.% HF. 
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Figure 4.—Optical micrographs of (a) alloy 55 (55 at.% Ni-— 45 at.% Ti), (b) alloy 55-1H (55 at.% Ni — 44 at.% 
Ti-— 1 at.% Hf, (c) alloy 55-3H (55 at.% Ni — 42 at.% Ti -—3 at.% Hf and (d) alloy 55-5H (55 at.% Ni— 40 at.% 
Ti-—5 at.% Hf) after homogenization followed by heat treatment at 700 °C for 2 hr (water quench). 
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Figure 5.—Optical micrographs of (a) alloy 55 (55 at.% Ni — 45 at.% Ti), (b) alloy 55-1H (55 at.% Ni — 44 at.% 
Ti-1 at.% Hf, (c) alloy 55-3H (55 at.% Ni — 42 at.% Ti-—3 at.% Hf and (d) alloy 55-5H (55 at.% Ni — 40 at.% 
Ti—5 at.% Hf) after homogenization followed by heat treatment at 700 °C for 2 hr (water quench) and aging at 
400 °C for 30 min. (water quench). 
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(C) 


Figure 6.—SEM micrographs of alloy 55 (a) showing 
second phase precipitates (higher magnification images 
of (b) region | and (c) region II include labels marking 
locations of EDS analyses at locations A-E). 
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Figure 7.—EDS spectra of phases in alloy 55 (Fig. 6). These data are listed quantitatively in Table 3. 
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Figure 8.—SEM micrographs at (a) lower and (b) higher magnification of alloy 
55-1H showing second phase precipitates within a grain. The labels in 
Figure 8(b) mark locations of EDS analyses, which indicate the phases are 
(A) NisTiz, (B) Ni(Ti,Hf), (C) HfO2 and (D) TiN (Fig. 9 and Table 4). 
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Figure 9.—EDS of second phase precipitates at (a) spot A, (b) spot B, (c) spot C, and (d) spot D (Fig. 8(b)) in alloy 
55-1H. Quantitative data from these analyses are listed in Table 4. 
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Figure 10.—Additional SEM micrographs of alloy 55-1H at (a) lower and 
(b) higher magnification showing second phase precipitates along grain 


boundaries. The labels in Figure 10(b) mark locations of EDS analyses, which 
indicate the phases are (E) NisTiz and (F) NisTiz (Fig. 11 and Table 4). 
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Figure 11.—EDS of second phase precipitates at (a) spot E and (b) spot F (Fig. 10(b)) in alloy 55-1H. 
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Figure 12.—SEM micrographs of alloy 55-5H at (a) lower and (b) higher 
magnification showing a few sparse oxide and carbide phases, identified as 
(A) HfO2 and (B) HfC in the parent Ni(Ti,Hf) phase (C-D). 


NASA/TM—2017-219453 Le 


Counts, K 
Counts, K 


1.5 


Counts, K 
a 
Counts, K 


0.5 


(c) 0 5 «xy 10 15 (q) 0 5 


keV 10 12 
Figure 13.—EDS of alloy 55-5H showing a few sparse oxide and carbide phases in the Ni(Ti,Hf) parent phase. 
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